Introduction {#S1}
============

Esophageal cancer (EC) is the 8th most common cancer and has the 6th highest cancer mortality rate worldwide ([@B1]). During the past decade, radiotherapy (RT) has become a primary treatment modality for patients with EC because of its effectiveness and relative safety. However, the heart lies near the middle esophagus and is inevitably irradiated during RT for middle-stage EC patients. Although advances in RT equipment and techniques have prolonged patient survival, delayed latent effects of radiation are currently being encountered in clinical practice ([@B2], [@B3]). Previous studies have reported that cardiac toxicity may even diminish the survival gains obtained from anticancer therapy ([@B4], [@B5]). Therefore, early observation of changes in cardiac function is extremely important for monitoring and evaluating the occurrence and development of radiation-induced heart disease (RIHD).

The heart is divided into chambers, arteries and valves, which consist of myocardial, connective, pericardial and vascular tissues. These various cardiac tissues have different radiosensitivities ([@B6]). Studies have confirmed injuries to cardiac substructures ([@B7], [@B8]), indicating that various dose constraints might be required ([@B9]). The myocardium is a vulnerable heart tissue, but organic injury from RT usually does not appear for several years when the symptoms of the injury have become irreversible, with no effective treatment ([@B10]). However, the interval between RT treatment and the detection of RIHD has been reported to range from months to years ([@B11], [@B12]). Functional imaging can monitor metabolic changes in myocardial activity before the occurrence of organic injury, and effective intervention measures can be taken at the initial stage of pathological changes ([@B13], [@B14]).

Currently, positron emission computed tomography (PET) imaging is considered the "gold standard" for detecting viable myocardium. Oncologic PET is usually performed in a fasting state because postprandial high blood glucose induces insulin secretion, which results in increased ^18^F-FDG uptake by muscle and fat and decreased ^18^F-FDG uptake by the tumor. In the fasting state, the ischemic myocardium can take up ^18^F-FDG, whereas normal myocardium and necrotic myocardium do not take up glucose. Under a glucose load, ^18^F-FDG is ingested by both normal and ischemic myocardium and can be used to evaluate the survival state of the myocardium ([@B15]). Although previous studies have shown that increased cardiac uptake of ^18^F-FDG on PET may be an indicator of myocardial injury after RT, only the global left ventricle (LV) was considered, and the radiation dose and ^18^F-FDG uptake in specific myocardial segments were not evaluated. Cardiac imaging studies have also increasingly found discrete focal changes in the heart. A better understanding of the effects of the radiation dose requires a more detailed assessment of the radiation dose for cardiac subvolumes.

This study has two objectives. First, the dosimetry and ^18^F-FDG uptake in oncologic PET are quantified using a 17-segment model of the LV proposed by the American Heart Association (AHA). Second, the relationship between the changes in the myocardial ^18^F-FDG uptake and the irradiated dose in EC patients who underwent radiotherapy RT is investigated ([@B16]). Our hypothesis is that the myocardial segment that receives higher doses will show increased ^18^F-FDG uptake. The confirmation of this hypothesis can be used as a preliminary basis to accurately evaluate the cardiac dose-response relationship and implement timely treatment measures in the initial stages of pathological changes.

Materials and Methods {#S2}
=====================

Patient Selection {#S2.SS1}
-----------------

An institutional review board approved a retrospective review of the medical records for this analysis. Twenty-four EC patients who underwent consecutive oncologic ^18^F-FDG PET/CT scans at baseline (1--2 weeks before radiotherapy) and post-RT (2--3 months after radiotherapy) were enrolled in the study. The main inclusion criteria were as follows: (1) the heart was covered by the radiation field during the scan and (2) a fasting time \>12 h prior to PET was observed. The exclusion criteria were as follows: (1) prior treatment with chemotherapy, (2) history of cardiac disease, congestive heart failure or coronary artery disease, and (3) a fasting blood glucose level higher than 150 mg/dl before the ^18^F-FDG injection.

Radiotherapy Design {#S2.SS2}
-------------------

The prescribed dose of the planning target volume (PTV) was 60 Gy, and 95% of the PTV was required to receive the prescribed dose. The gross tumor volume (GTV) consisted of the primary tumor and metastatic regional lymph nodes observed on CT and a whole body PET/CT scan. The clinical target volume (CTV) was formed by the GTV with a 1.0-cm margin in all directions. A 0.5-cm margin for CTV was expanded to delineate the PTV. Treatment was delivered as three-dimensional conformal radiation therapy (3D-CRT) or intensity-modulated radiation therapy (IMRT) at 2.0 Gy per fraction with 6-MV photon beams. The constraints of the organ at risk (OAR) were V~20*Gy*~ \< 30% and V~30*Gy*~ \< 20% for the total lung; a maximum dose \<45 Gy for the spinal cord; and V~30*Gy*~ \< 40% and V~40*Gy*~ \< 30% for the heart. [Figure 1](#F1){ref-type="fig"} demonstrates the PTV and radiation fields in the IMRT plan.

![Schematic diagram of the relationship between the heart and PTV. The PTV and heart are depicted in green and color, respectively.](fonc-10-01599-g001){#F1}

^18^F-FDG PET Image Acquisition {#S2.SS3}
-------------------------------

The ^18^F-FDG PET/CT images were acquired from a combined PET/CT scanner (Philips Healthcare, Cleveland, OH) ([Figure 2](#F2){ref-type="fig"}). The median fasting blood glucose level was 5.8 mmol/l (interquartile range: 5.0--6.8). Approximately 1 h after the ^18^F-FDG injection, a spiral CT was obtained, followed by a PET emission scan from the distal femur to the top of the skull. The PET emission images were corrected by the measured attenuation and reconstructed using a conventional iterative ordered-subsets expectation maximization algorithm.

![Planes of myocardial PET imaging.](fonc-10-01599-g002){#F2}

Myocardium Delineation {#S2.SS4}
----------------------

The LV contouring was performed by a radiologist with 20 years of experience and reviewed by two senior cardiologists. Differences in the results were resolved by consensus. Myocardium delineation was performed by Carimas software (version 2.9)^[1](#footnote1){ref-type="fn"}^ based on the AHA 17-segment model, which rearranges the myocardium circumferential profile image from the apex to the base into concentric circles from the interior to the exterior, thereby projecting the entire LV myocardial onto a bull's eye diagram. As shown in [Figure 3](#F3){ref-type="fig"}, when contouring the LV, the myocardium was automatically divided into basal (segments 1--6), middle (segments 7--12), and apical (segments 13--16) regions.

![Left myocardium segmentation **(A)** and polar map **(B)**.](fonc-10-01599-g003){#F3}

Dosimetry Data Acquisition {#S2.SS5}
--------------------------

The above mentioned delineation results were used to extract the radiation dose to individual segments from the planning CT images. The individual segments were combined to determine the dose to the basal, middle and apical regions. We classified the myocardium into three groups depending on the radiation dose received: lower than 10, 10--20, and 20--30 Gy. No segment received a dose greater than 20 Gy.

Myocardial Metabolism Measurement {#S2.SS6}
---------------------------------

The myocardial metabolism level was evaluated from the ^18^F-FDG uptake value. The 17-segment model was used to measure the myocardial metabolic parameters, which were then used in turn to carry out a quantitative analysis. For the quantitative analysis, the mean standardized uptake values (SUVs) were obtained from the baseline and the post-RT PET images. Changes in the SUV (ΔSUV) were calculated using the following formula: ΔSUV = (SUV after RT) -- (SUV before RT). The SUV ratio (SUVR) was defined as the ΔSUV divided by the baseline SUV. Finally, the change in the ^18^F-FDG PET uptake was correlated with the radiation dose for the LV myocardium.

Statistical Analysis {#S2.SS7}
--------------------

The SPSS 22.0 software program (SPSS, Chicago, IL, United States) was used for all the statistical tests, and the quantitative parameters were presented in terms of the mean ± standard deviation (SD). The Wilcoxon signed-rank test was used to compare the differences in different patterns of patient characteristics, and differences in ^18^F-FDG uptake values between baseline and post-RT. Only *P*-values \< 0.05 were considered statistically significant.

Results {#S3}
=======

Patients {#S3.SS1}
--------

Between January 2016 and December 2018, 24 patients (ranging from 51 to 73 years of age, with a mean age of 61 years) with middle thoracic EC who underwent PET scans at baseline and post-RT were retrospectively enrolled in this study. Pathology reports confirmed that all the enrolled patients had esophageal squamous cell carcinoma. The heart volumes ranged from 377.1 to 805.7 with a median of 593.7 cm^3^. None of the patients showed symptomatic cardiac events during the entire planned RT process or for 3 months following RT. No significant differences in the baseline patient characteristics were observed in 3 pattern cohorts, with *P* values ranging from 0.018 to 1.000 (see [Table 1](#T1){ref-type="table"}).

###### 

Patient characteristics.

  Characteristic                    All patients     Increased        No changes       Decreased        *P*-value
  --------------------------------- ---------------- ---------------- ---------------- ---------------- -----------
  Age, years, median (range)        61 (51--73)      63 (54--67)      60 (58--63)      62 (51--73)      0.886
  Sex                               24               5                6                13               0.233
  Male                              19               3                4                12               
  Female                            5                2                2                1                
  Tumor location                                                                                        1.000
  Middle                            24               5                6                13               
  Tumor length, cm, median(range)   6.8 (4.0--8.4)   6.9 (4.3--6.9)   6.7 (5.0--8.4)   6.8 (4.0--7.2)   0.583
  Histology                                                                                             1.000
  Squamous cell carcinoma           24               5                6                13               
  Tumor staging                                                                                         0.301
  I B                               2                0                0                2                0.223
  II                                3                3                0                0                0.135
  III A                             4                0                0                4                0.082
  IIIB                              8                0                3                5                0.018
  IIIC                              3                0                3                0                0.135
  IV                                2                0                0                2                0.223
  IV A                              2                2                0                0                0.223
  Mean heart volume, cm^3^(range)                                                                       0.067
                                    593.7            495.6            628.4            608.2            
                                    (377.1--805.7)   (470.1--495.7)   (574.5--682.3)   (377.1--805.7)   
  Concurrent chemotherapy           0                0                0                0                1.000
  Radiotherapy technique                                                                                0.170
  IMRT                              18               5                3                10               
  3D-CRT                            6                0                3                3                
  Prescribed dose                   60 Gy            60 Gy            60 Gy            60 Gy            1.000
  No. of fractions                  2 Gy             2 Gy             2 Gy             2 Gy             1.000

IMRT, intensity-modulated radiation therapy; 3D-CRT, 3-dimensional conformal radiation therapy.

Doses to the Left Myocardial Segments {#S3.SS2}
-------------------------------------

The median maximum, mean, and minimum LV irradiation doses were 18.14 ± 9.08, 6.54 ± 4.07, and 2.59 ± 2.23 Gy, respectively. Valuable data were recorded for discrete areas of the LV. Significant differences were observed in the dose distribution for the LV: the median mean and median maximum doses were both higher in the basal region (9.59 and 16.12 Gy, respectively) than in the middle region (6.54 and 11.53 Gy, respectively) and the apical region (5.09 and 13.17 Gy, respectively). These results were mirrored for the segments of the left myocardium, with the basal segments receiving the highest doses (segments 1, 2, 3, and 4). [Table 2](#T2){ref-type="table"} shows the doses to the individual myocardium segments in the polar map.

###### 

Irradiation dose and FDG uptake of individual segment in the myocardial 17-segment model.

  Segment      Mean dose, Gy (range)   SUV                 SUVR (%)            *P*-value   
  ------------ ----------------------- ------------------- ------------------- ----------- -------
  **Basal**                                                                                
  1            12.26 (1.89--24.63)     3.78 (2.13--6.81)   2.82 (1.24--4.59)   --19.14     0.217
  2            12.25 (1.46--28.27)     4.29 (2.65--7.57)   3.33 (1.41--6.12)   --18.24     0.378
  3            11.58 (0.62--24.54)     4.28 (2.38--7.70)   3.22 (1.12--7.38)   --21.91     0.304
  4            10.07 (0.45--27.72)     3.68 (2.03--6.42)   2.85 (0.97--6.86)   --20.84     0.398
  5            8.69 (0.53--23.65)      3.73 (2.10--5.91)   3.11 (1.48--8.14)   --17.29     0.292
  6            7.84 (1.01--15.35)      3.38 (2.07--5.80)   2.65 (1.26--5.83)   --17.14     0.156
  **Middle**                                                                               
  7            7.64 (1.14--20.79)      3.40 (1.84--6.52)   2.53 (1.19--4.12)   --20.12     0.084
  8            10.13 (0.96--25.88)     3.67 (1.87--7.05)   2.74 (1.26--5.01)   --19.67     0.090
  9            8.48 (0.45--19.53)      4.09 (2.16--7.44)   2.97 (1.19--6.86)   --24.74     0.040
  10           7.44 (0.32--19.68)      3.87 (2.16--7.39)   2.86 (1.04--7.16)   --24.76     0.045
  11           5.92 (0.36--20.86)      3.73 (2.11--6.59)   2.94 (1.59--7.32)   --21.70     0.020
  12           5.85 (0.64--10.89)      3.68 (2.18--6.62)   2.80 (1.22--5.31)   --22.79     0.033
  **Apical**                                                                               
  13           4.38 (0.61--8.33)       3.20 (1.91--5.76)   2.35 (1.11--4.53)   --24.88     0.019
  14           6.16 (0.42--13.51)      3.25 (1.85--6.19)   2.39 (0.89--5.15)   --23.45     0.047
  15           6.59 (0.24--20.64)      3.20 (2.00--5.80)   2.41 (1.02--5.26)   --22.59     0.024
  16           4.78 (0.36--9.49)       3.11 (1.95--5.73)   2.30 (1.11--4.99)   --24.93     0.005
  17           3.54 (0.49--6.57)       2.68 (1.66--5.02)   1.96 (0.86--4.13)   --24.09     0.007

^18^F-FDG Uptake of Left Myocardial Segments {#S3.SS3}
--------------------------------------------

An analysis of the changes in the ^18^F-FDG uptake at two time points showed three patterns for the overall myocardial accumulation of ^18^F-FDG uptake related to the radiation dose ([Figure 4](#F4){ref-type="fig"}). A subsequent quantitative analysis demonstrated that ^18^F-FDG uptake increased in 5 patients (average SUVR: 16.68%), decreased in 13 patients (average SUVR: −41.38%) and did not change significantly in 6 patients (average SUVR: −5.53%). However, directly focusing on specific LV segments showed that the post-RT uptake of the 17 segments tended to decrease relative to the baseline uptake: the post-RT uptake decreased in the basal, middle and apical regions by 19.09 ± 1.77, 22.30 ± 2.01, and 23.99 ± 0.89%, respectively. In agreement with these results, the ^18^F-FDG uptake of the segmental myocardium decreased significantly in segments 9--17 in the apical region (*P* \< 0.05). [Table 2](#T2){ref-type="table"} provides a detailed summary of baseline and post-RT ^18^F-FDG uptake for the baseline and post-RT in the left myocardium segments.

![Baseline and post-RT PET imaging in patients with three myocardial accumulation patterns.](fonc-10-01599-g004){#F4}

Changes of ^18^F-FDG Uptake With Different Dose Ranges {#S3.SS4}
------------------------------------------------------

We directly paired the radiation dose and the ^18^F-FDG uptake of the LV segments using the AHA 17-segment model. In our study, the numbers of segments that received doses in the ranges of 0--10, 10--20, and 20--30 Gy were 296, 74, and 38, respectively. ^18^F-FDG uptake in the segments receiving 0--10 and 10--20 Gy decreased by 28.93 and 12.12% after RT, respectively. The ^18^F-FDG uptake in the segments receiving 20--30 Gy increased by 7.24% after RT.

Discussion {#S4}
==========

Subacute changes following thoracic RT have been demonstrated in discrete areas of the LV, and guidelines have been recently developed to help determine the dose to subvolumes of the LV ([@B8], [@B17]). Therefore, the radiation dose to cardiac subvolumes needs to be more accurately quantified to better understand the effect of the radiation dose. Previous studies have calculated cardiac doses by using modeled patients with recreated 2D treatment fields and by employing set geometric rules to define cardiac subvolumes or by using anatomical landmarks to divide the heart into standard axial imaging planes ([@B18]--[@B20]). The primary strength of the present study is that the dosimetric values and ^18^F-FDG uptake were evaluated by performing a segmental analysis and directly pairing the radiation dose and ^18^F-FDG uptake in the myocardial segments using the 17-segment AHA model.

The 17-segment model method proposed by the AHA aims to accurately divide the LV according to the anatomical structure of the heart and is the closest scheme available to that visualized by clinical ultrasound and radionuclide myocardial imaging ([@B16]). Erven et al. ([@B21]) discussed the feasibility of dividing the LV into 17 segments but did not report the doses for each segment. Tang et al. ([@B22]) used a 17-segment model to show that the dose distribution varied across LV subregions in breast cancer patients. The middle and anterior apical segments (segments 7 and 13) and the LV apical regions (segments 13, 14, 15, 16, and 17) received higher radiation doses than the other segments. The results of the present study also show a heterogeneous dose to the LV for EC patients. The basal region (segments 1, 2, 3, and 4) received a higher radiation dose than the apical and middle regions. Such reporting of specific regional dose delivery provides the most accurate spatial description of delivered radiation doses to the heart, particularly during the middle stages of EC when the LV is very frequently exposed. The use of automatic software sketching has reduced the sketching error between observers. In addition, analyzing the dose value and the ^18^F-FDG uptake of the myocardium under the same LV-VOI conditions produced a highly accurate dose-response relationship. This analytical method accurately describes the radiation doses to the myocardium and its subspaces. Further understanding of cardiotoxicity requires the precise matching of the radiation dose to regional imaging defects, which underlines the need for determining the dose distribution in detail ([@B23]).

Changes in the ^18^F-FDG uptake of the segments of the myocardium were also analyzed in the current study. To suppress the physiological myocardial accumulation of ^18^F-FDG, we selected patients who fasted for ≥18 h prior to the ^18^F-FDG PET scan, both pre- and post-RT. Ishida et al. ([@B24]) reported that the physiological accumulation of ^18^F-FDG in the irradiated myocardium was suppressed in *a* ≥ 18-h fasting group compared with *a* \< 18-h fasting group. Suppression of physiological myocardial ^18^F-FDG accumulation appeared to facilitate the detection of abnormal myocardial ^18^F-FDG accumulation. Cardiotoxicity related to external RT is a recognized phenomenon in clinical practice and has traditionally been investigated by radionuclide ventriculography or gated blood pool imaging (popularly known as the multigated acquisition \[MUGA\] scan) and 2D echocardiography. By comparison, the observation of ^18^F-FDG PET/CT in the present study is novel and may have considerable significance if translated into clinical practice and utilized to monitor the effect of RT in a patient-specific manner ([@B25]). In this study, three radiation dose patterns were observed for the myocardial accumulation of ^18^F-FDG on PET: an increase, a decrease or no change. Although the exact molecular pathway remains to be determined, in-depth research in this field can be applied to the specific diagnosis and management of different patients such that corresponding preventive or therapeutic measures can be provided.

Last, the changes in ^18^F-FDG uptake by myocardial segments were analyzed for different dose ranges. Very few studies have explored this topic to date, and the two existing publications on RT in EC present conflicting results. Jingu et al. ([@B26]) considered focally increased ^18^F-FDG uptake in the basal myocardium after RT to be an indicator of radiation-induced cardiac damage, whereas Konski et al. ([@B27]) found no correlation between the percent change in the myocardial SUV and cardiac toxicity. A recent study by Evans et al. ([@B25]) found that in lung cancer patients treated with stereotactic body RT (SBRT), ^18^F-FDG uptake increased when the 20 Gy isodose line exceeded 5 cm^3^ of the heart. By comparison, the results of the present study show that ^18^F-FDG uptake in myocardial segments receiving a low dose (0--20 Gy) decreased after RT, whereas ^18^F-FDG uptake in the myocardial segments receiving 20--30 Gy increased after RT. Therefore, minimizing the volumes of myocardium being irradiated by more than 20 Gy can be expected to reduce the incidence of myocardial injury. However, this hypothesis needs to be evaluated in larger scale prospective studies with longer follow-up times.

The current study has several limitations. First, the 5-year incidence rate of heart disease or pericardial effusion following RT ranges from 11.1 to 13.8% ([@B28]--[@B30]). Further follow-up is required to reveal the clinical significance of abnormal myocardial accumulation of ^18^F-FDG following RT. Second, the heart is a mobile structure, and its location on 2 PET scans may vary both interfractionally and intrafractionally relative to the planned CT scan, rendering the regional dose distribution corresponding to ^18^F-FDG PET a good approximation, at best. Third, strictly enrolling patients who fasted for \>18 h before undergoing PET scans resulted in a limited number of patients for this retrospective study. More patients need to be evaluated in future prospective studies.

Despite these drawbacks, we consider our data on cardiac toxicity during RT to be robust. Currently, we are not suggesting that the study results should be used to modify current treatment modalities. However, we are recommending that efforts should be made to reduce the cardiac dose and irradiated volumes during thoracic RT, which may benefit patients, especially those with favorable prognoses. Very few publications on the subject of this study are currently available. Thus, this investigation is the first of its kind: specific cardiac changes on PET/CT are related to dose information to detect myocardial activity in early stage post-RT. Although none of the investigated patients experienced symptomatic cardiac events between receiving RT and 3 months following RT, we consider a longer follow-up with higher numbers of patients to be essential for assessing the clinical significance of the considered abnormalities. We recommend that considerable effort should be expended to identify means of improving RT techniques to further minimize incidental irradiation of the heart.

Conclusion {#S5}
==========

Radiotherapy doses vary substantially within specific LV segments in the setting of thoracic EC RT. Increased ^18^F-FDG uptake in the myocardium after RT was observed when receiving a dose higher than 20 Gy. Determining the ^18^F-FDG uptake and corresponding RT dose in the LV segments can help to guide focus in the diagnosis of radiation-induced cardiac toxicity.
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